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The antiinflammatory cytokine transforming growth factor 3 (TGF-f3) plays an important role in Chagas
disease, a parasitic infection caused by the protozoan Trypanosoma cruzi. In the present study, we show that
SB-431542, an inhibitor of the TGF-f3 type I receptor (ALKS), inhibits T. cruzi-induced activation of the TGF-$
pathway in epithelial cells and in cardiomyocytes. Further, we demonstrate that addition of SB-431542 greatly
reduces cardiomyocyte invasion by 7. cruzi. Finally, SB-431542 treatment significantly reduces the number of
parasites per infected cell and trypomastigote differentiation and release. Taken together, these data further
confirm the major role of the TGF-3 signaling pathway in both 7. cruzi infection and 7. cruzi cell cycle
completion. Our present data demonstrate that small inhibitors of the TGF-f3 signaling pathway might be
potential pharmacological tools for the treatment of Chagas disease.

Chagas disease is a widely distributed, debilitating disease
process affecting 16 to 18 million people in Latin America that
is caused by the intracellular protozoan Trypanosoma cruzi
(18). In this disease, transforming growth factor B (TGF-B) has
been shown to play a crucial role in parasite infection and
multiplication and in cardiac fibrosis (2, 12, 21). It has been
demonstrated that antiinflammatory cytokines such as TGF-
can promote parasite survival (8, 20). It has also been shown
that cell infection by 7. cruzi is markedly enhanced by TGF-
and requires fully functional TGF-B receptors (9, 17). In sup-
port of these observations, we have shown that extracellular
addition of anti-TGF-B antibodies inhibits 7. cruzi infection of
cardiomyocytes (23). It has also been shown that 7. cruzi in-
fection induces the expression of TGF-B in different models
(19, 20), which facilitates parasite survival in mice (20). More-
over, we have also shown that the parasite directly activates latent
TGF-B at the surfaces of infected cells (23). Once in the cyto-
plasm, the amastigote forms of 7. cruzi internalize host cell
TGF-B, thereby regulating their own intracellular life cycle (22).
Taken together, these data clearly indicate an important role for
TGF-B in T. cruzi infection and Chagas disease development.

TGF-B belongs to a family of structurally related multifunc-
tional polypeptides participating in the regulation of develop-
ment, tissue remodeling, differentiation, angiogenesis, inflam-
mation, immune regulation, and fibrosis (14). TGF- signaling
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is initiated by ligand binding to a transmembrane receptor with
intracellular serine/threonine kinase activity, known as TGF-
receptor-1I (TBRII) (15). Upon ligand binding, TBRII phos-
phorylates and stimulates the serine/threonine kinase activity
of TBRRI, also known as activin receptor-like kinase 5 (ALKS).
Upon activation, ALKS5 phosphorylates the cytoplasmic signal-
ing proteins Smad-2 and -3, which then associate with Smad-4,
translocate into the nucleus as a multiprotein complex, and
stimulate the transcription of TGF-B-responsive genes.

In the present study, we tested the effects of an ALKS in-
hibitor, 4-(5-benzo[1,3]dioxol-5-yl-4-pyridin-2-yl-1H-imidazol-
2-yl)-benzamide (SB-431542), on the infection of cardiomyo-
cytes by T. cruzi. We demonstrate that the inhibition of ALKS
activity by SB-431542 decreases T. cruzi invasion of cardio-
myocytes, inhibits intracellular parasite differentiation, induces
parasite apoptosis, and decreases trypomastigote release.
Small inhibitors of the TGF-B signaling pathway may therefore
represent new pharmacological tools in the treatment of Cha-
gas disease.

MATERIALS AND METHODS

Parasites. Trypomastigotes of the Y and Dm28c strains of T. cruzi were
obtained from the blood of infected mice at the peak of parasitemia (16) and
from the supernatants of infected cultured Vero cells on day 4 postinfection as
previously described (5), respectively, and were maintained in serum-free me-
dium with 2% bovine serum albumin. All procedures were carried out in accor-
dance with the guidelines established by the Fiocruz Committee of Ethics for the
Use of Animals, resolution 242/99.

Cells and cultures. Cardiomyocytes from mouse embryos were obtained from
primary cultures as previously described (16) and maintained in Eagle’s medium
(Sigma, Saint-Quentin Fallavier, France) supplemented with 7% fetal calf serum
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FIG. 1. SB-431542 treatment inhibits 7. cruzi-induced TGF-B signaling in C32 cells. C32 cells were incubated with 2 ng/ml TGF-B1 (A) or different
doses of T. cruzi trypomastigotes of the Y strain (1 X 10° to 4 X 10° parasites) (B) in the presence or absence of SB-431542 (10 pM). After 20 h, cells
were harvested and assayed for luciferase activity. The luminescence produced by the reaction was recorded as relative light units (RLU).

(FCS) (Sigma), 100 p.g/ml gentamicin (Sigma), 1 mM L-glutamine (Sigma), and
2.5 mM CaCl,. The Mv1Lu mink lung epithelial cell line, stably transfected with
a construct in which luciferase expression is driven by the plasminogen activator
inhibitor promoter (C32) (1), was maintained in the same medium with 5% FCS,
1,000 U/ml penicillin, and 50 wg/ml streptomycin.

Infection assay. Cardiomyocytes were seeded in 24-well plates (1 X 10° cells/
well) for 24 h at 37°C under an atmosphere of 5% CO,. Cultures were incubated
with fresh medium containing 10 pM SB-431542 (Tocris Bioscience, Bristol,
United Kingdom) or vehicle for 1 h prior to the addition of 2 ng/ml TGF-B1
(R&D Systems, Abingdon, United Kingdom) or trypomastigotes of the Dm28c
clone or Y strain in a parasite-to-host cell proportion of 10:1. At the time
indicated, cells were washed with phosphate-buffered saline (PBS), fixed in
Bouin’s solution, and stained with Giemsa stain. The percentage of cardiomyo-
cytes containing parasites and the number of parasites per infected cell were
determined by counting 400 cells/slide on two distinct coverslips at 4, 24, 48, 72,
and 96 h postinfection. Analysis was performed with a Zeiss microscope at a
magnification of X400. Data are means = standard deviations from three inde-
pendent experiments.

Measurement of TGF-f activation. C32 cells were plated in 24-well tissue
culture plates (1 X 10° cells/per well) in 5% FCS. After 3 h, the medium was
changed (0.1% FCS) and cells were incubated with TGF-B1 (2 ng/ml) or live
trypomastigotes (1 x10° to 4 X10° parasites), with or without SB-431542 (10
wM), as indicated in Fig. 1. After 20 h, cells were harvested and assayed for
luciferase activity (Promega, Charbonnieres, France). Luciferase activity was
measured with a luminometer (Berthold, Monolight 2010). Data are means *
standard deviations from three independent experiments.

Immunoblot analysis. Cells were either left untreated or treated with SB-
431542 (10 uM) for 1 h; then TGF-B1 (2 ng/ml) or T. cruzi Dm28c was added for

1 h. Cardiomyocytes were then washed twice with PBS and lysed in radioimmu-
noprecipitation assay buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100,
1 mM EGTA, 100 pg/ml phenylmethylsulfonyl fluoride, 1 wg/ml pepstatin, 10
pg/ml leupeptin, and 1 pg aprotinin, pH 8.0). Proteins in the lysates (20 pg/lane)
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(12%) and analyzed by immunoblotting with polyclonal rabbit anti-phospho-
Smad2 (Cell Signaling Technology, Beverly, MA). The same membrane was
stripped and reprobed with a monoclonal antibody against a-tubulin given to us
by D. Job (INSERM U366, CEA-G, Grenoble, France) to confirm equal protein
loading.

Apoptosis detection. Apoptotic events were analyzed using the terminal de-
oxynucleotidyltransferase-mediated fluorescein dUTP nick end labeling
(TUNEL) technique (Boehringer Mannheim, Mannheim, Germany). Cardiomyo-
cyte cultures grown on coverslips were fixed for 20 min at 4°C with 4% paraform-
aldehyde solution. Samples were washed twice with PBS, treated for 2 min at 4°C
with 0.1% Triton X-100 in 0.1% sodium citrate, washed again, and incubated
with the TUNEL reaction mixture for 60 min at 37°C. For negative controls, cells
were incubated in the absence of the terminal transferase; for positive controls,
the cultures were pretreated for 40 min at room temperature with 5 pg/ml DNase
I prior to the TUNEL procedure. After staining, samples were further incubated
with 10 pg/ml 4',6'-diamidino-2-phenylindole for DNA staining in order to
enable visualization of parasites and cell nuclei and to allow direct quantification
of the parasite infection levels. Samples were mounted with 2.5% 1,4-diazabicyclo-
(2,2,2)-octane (DABCO) and examined immediately using a Zeiss photomicro-
scope equipped with epifluorescence. Images were captured using the Quips
Smart Capture (Vysis) software.

Statistics. For comparison of the mean values for control and treated cells, a
nonparametric Student # test was used.
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FIG. 2. SB-431542 treatment inhibits 7. cruzi-induced phosphoryla-
tion of Smad2 in cardiomyocytes. Cardiomyocytes were treated with 2
ng/ml TGF-B1 or infected with 7. cruzi (Dm28c) for 1 h in the presence
or absence of 10 uM SB-431542. Cell lysates (20 pg) were resolved on a
12% sodium dodecyl sulfate-polyacrylamide gel and immunoblotted with
anti-phosphoSmad2 and anti-a-tubulin antibodies.

RESULTS

SB-431542 treatment inhibits the 7. cruzi-induced TGF-3
signaling pathway in C32 cells. We and others have previously
demonstrated that 7. cruzi infection activates the TGF-§3 sig-
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naling pathway and that this pathway is required for 7. cruzi
infection (17, 23). We therefore wanted to study the effect of
the ALKS inhibitor SB-431542 on T. cruzi-induced TGF-3
signaling. To test this, we used a mink lung epithelial cell clone
(C32) that stably expresses the firefly luciferase reporter gene
under the control of repeated TGF-f response elements from
the PAI-1 gene promoter (1). As a control, we could show that
the addition of 10 uM SB-431542 completely inhibited lucif-
erase activity induced by TGF-B1 (Fig. 1A). Incubation of C32
cells with increasing amounts of live 7. cruzi trypomastigotes
(Y strain) increased luciferase activity as a function of parasite
load, indicating that parasites were able to stimulate the pro-
duction of active TGF-8 by C32 cells (Fig. 1B). Addition of
SB-431542 (10 uM) completely inhibited the 7. cruzi-induced
TGF-B reporter gene activity at all the parasitic loads tested
(Fig. 1B).

SB-431542 treatment inhibits 7. cruzi-induced TGF-f sig-
naling in cardiomyocytes. Having demonstrated that the
TGF-B inhibitor SB-431542 blocks 7. cruzi-induced TGF-B
activation in epithelial cells, we then tested its effects in cardio-
myocytes, a major target of 7. cruzi infection. Again, as a
control, we showed that the addition of SB-431542 (10 uM) to
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FIG. 3. SB-431542 treatment decreases 7. cruzi invasion of cardiomyocytes. Cardiomyocytes were incubated with trypomastigotes of the Dm28c
(A, B, and C) or Y (C) strain in a parasite-to-host cell proportion of 10:1 with or without SB-431542 (10 uM). Cells were fixed 4 h postinfection
and stained with Giemsa stain. (A and B) Cells were incubated without an inhibitor (A) or with SB-431542 (B). Arrows indicate infected cells.
Magnification, X400. (C) Results are expressed as the percentage of cardiomyocytes containing parasites as measured by counting 400 cells per

slide on two distinct coverslips. *, P < 0.05.
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cardiomyocyte cultures completely inhibited TGF-B1-induced
Smad2 phosphorylation (Fig. 2, lanes 2 and 3). In order to test
the effects of T. cruzi infection on Smad2 phosphorylation, we
used the T. cruzi Dm28c clone, which invades target cells more
rapidly than the Y strain (7). Figure 2 shows that 7. cruzi
infection induced Smad2 phosphorylation within 1 h. Addition
of SB-431542 (10 wM) completely inhibited T. cruzi-induced
Smad2 phosphorylation (Fig. 2, lanes 4 and 5).

SB-431542 treatment decreases 7. cruzi invasion of cardio-
myocytes. Given that active extracellular TGF-B and functional
TGF-B receptors are required for 7. cruzi entry into cardio-
myocytes (17, 23), we wondered whether SB-431542 could
change the rates of invasion of these cells by 7. cruzi. To
investigate this, cardiomyocytes were either left untreated or
treated for 1 h with 10 pM SB-431542 and then infected with
live parasites (7. cruzi Dm28c or Y strain) for 4 h. As shown in
Fig. 3A and B, the addition of 10 pM SB-431542 reduced the
percentage of cells infected with Dm28c. Quantification of the
percentage of infected cells is shown in Fig. 3C. SB-431542
strongly inhibited invasion by T. cruzi Dm28c (39% of SB-
431542-treated cells were infected versus 75% of untreated
cells) and also by the Y strain (2.8% of SB-431542-treated cells
were infected versus 7.7% of untreated cells) (Fig. 3C). To test
the specificity of this effect, we used wortmannin, an inhibitor
of a phosphatidylinositol 3-kinase, and H89, an inhibitor of
protein kinase A, and found much weaker inhibition (data not
shown). To address the possibility of a direct toxic effect of
SB-431542 on live parasites, we treated live trypomastigotes
with 10 wM SB-431542 for 24 h at 37°C and found no alteration
(data not shown) in parasite morphology, motility, or viability
(assessed by trypan blue dye exclusion).

SB-431542 treatment inhibits the intracellular 7. cruzi cell
cycle. Since we have recently shown that TGF-B is implicated
in T. cruzi infection but also controls its intracellular life cycle
(22), we examined whether the TGF-B inhibitor SB-431542
could affect the intracellular parasite cycle. For this purpose,
cells were treated throughout the experiment with or without
SB-431542. Our results showed that the addition of SB-431542
(10 uM) reduced the number of intracellular amastigotes (Fig.
4). Quantification of the number of intracellular parasites dur-
ing the cycle showed that there was already a significant dif-
ference in the mean number of intracellular parasites at the
beginning of the infection (24 h) (Table 1). This difference
increased throughout the infection, reaching the highest dif-
ferences at 96 h (163 versus 58 parasites in control versus
SB-431542-treated cells, respectively). As shown in Table 1,
treatment with SB-431542 also strongly inhibited trypomasti-
gote release (106 versus 19 parasites in control versus SB-
431542-treated cells, respectively). The numbers of nontrypo-
mastigote parasites (both amastigotes and epimastigote-like
parasites) released were similar in SB-431542-treated cells and
control cells. When we looked more precisely at the forms of
intracellular parasites present in untreated cells at 96 h postin-
fection, we observed cells with differentiated trypomastigote
forms (Fig. 4G), cells with parasites in differentiation forms
(Fig. 41), and disrupted cells with trypomastigotes (Fig. 4K). In
contrast, in cells treated with SB-431542, we observed mainly
undifferentiated parasites (Fig. 4H, J, and L), even on dis-
rupted cells (Fig. 4L).

As first described by de Souza et al. (7), intracellular para-
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FIG. 4. SB-431542 treatment inhibits the 7. cruzi intracellular cell
cycle. Cardiomyocytes were incubated with trypomastigotes of the Y
strain in a parasite-to-host cell proportion of 10:1 with or without SB-
431542 (10 pM). Cells were fixed 24, 48, 72, and 96 h postinfection, as
indicated, and stained with Giemsa stain. Magnification, X400.

sites can undergo apoptosis. We therefore studied if the de-
crease in the number of parasites could be due to an effect of
SB-431542 (10 uM) on T. cruzi apoptosis. As shown in Table 1,
we found that SB-431542 treatment increased 7. cruzi apop-
totic rates. This effect was more pronounced at 72 h than at
96 h.

DISCUSSION

Due to the known roles of TGF-B in Chagas disease, antag-
onizing the biological effects of TGF-B represents an attractive
experimental strategy to combat this disease. This study shows
that by using the low- molecular-weight ALKS inhibitor SB-
431542 to block the activation of TBRI (ALKS), we are able
to significantly inhibit 7. cruzi invasion of cardiomyocytes, to
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TABLE 1. SB-431542 treatment inhibits the intracellular 7. cruzi cell cycle”

No. of parasites/infected cell after the
following time postinfection:

% of TUNEL-positive

No. of parasites released (10%) at 96 h parasites® at the following

Treatment time postinfection:

24 h 48 h 72 h 96 h Trypomastigote Nontrypomastigote” 72 h 96 h
CTL 2004 9.0*x1.1 66 + 43 163 =50 106 £ 8.5 50 =47 163 7.1 15.9 = 19.04
SB-431542 1.4 = 0.1%* 4.4 = 1.4** 38 + 20** 58 + 30** 19 £ 27* 53 +40 479 = 20.3 26.5 = 12.5

@ Cardiomyocytes were incubated with trypomastigotes of the Y strain in a parasite-to-host cell proportion of 10:1 with or without SB 431542 (10 uM). Cells were
fixed and stained with Giemsa stain 24, 48, 72, and 96 h postinfection. Results were determined by counting 400 cells on two distinct slides. **, P < 0.01; *, P < 0.05.

® Includes amastigote and epimastigote-like forms of the parasite.
¢ Apoptotic parasites, quantified by using the TUNEL method.

arrest the intracellular life cycle of the parasite, and to strongly
inhibit trypomastigote release.

The present demonstration that modulation of intracellular
TGF-B signal transduction by SB-431542 inhibits 7. cruzi in-
fection in cardiac myocytes confirms that the ALKS/Smad2
signaling pathway is required for parasite colonization of the
heart and that it probably plays a direct role in Chagas cardio-
myopathy. Furthermore, we show in the present work that
SB-431542 not only inhibits 7. cruzi invasion but also strongly
reduces trypomastigote release. This result is important, be-
cause it demonstrates that inhibiting TGF-B signaling not only
blocks T. cruzi invasion but can also act at a later stage during
the release of mature parasites that will infect other cells and
amplify the infection. The fact that SB-431542 inhibits the
intracellular parasite cell cycle is in accordance with our pre-
vious work where we demonstrated that 7. cruzi is able to
internalize TGF-B and that this host TGF-B could have a
direct role in the biology of the parasite (22). We found that
SB-431542 treatment decreases the number of parasites within
each cell. This decrease can be attributed, at least partially, to
the increase in the rate of parasite apoptosis induced by SB-
431542. However, we cannot completely exclude the possibility
that SB-431542 could also have an effect on parasite prolifer-
ation. It has been demonstrated that 7. cruzi infection induces
the production of nitric oxide (NO), which could contribute to
parasite killing by murine macrophages. TGF-, which is pro-
duced during the infection, is a potent suppressor of NO pro-
duction (8). In the absence of an active TGF-B pathway, there
could be exacerbated NO production and the consumption of
arginine by inducible NO synthase activation. Increased NO
generation could indirectly impair parasite survival and growth
and directly kill parasites by inducing their apoptosis. The
other interesting point that we also show here is that in the
presence of SB-431542, we mainly observed infected cells with
undifferentiated parasites. We will need to further elucidate
whether the TGF-B signaling pathway is implicated in the
differentiation of amastigotes into trypomastigotes or whether
the inhibition of differentiation is due to a decrease in the
proliferation of amastigotes, which then do not reach a density
that allows them to differentiate and to induce host cell dis-
ruption.

SB-431542 is a synthetic small molecule that has been iden-
tified as a specific inhibitor of TGF-f signals mediated by
ALK4, ALKS, or ALK7 in cultured mammalian cells (4, 11,
13). This inhibitor binds to the ATP binding site of the type I
receptor kinases and blocks phosphorylation of the down-
stream effectors Smad2 and Smad3. SB-431542 has recently

been described as able to prevent Smad2 phosphorylation in
vivo in Xenopus and Danio embryos (10) but has not yet been
investigated in other in vivo animal models. Two orally active
TGF-B inhibitors have recently been described as blockers of
TGF-B1-induced lung fibrosis (3) and dimethylnitrosamine-
induced liver fibrosis (6). This suggests that inhibition of
TGEF-B signaling could potentially be employed in the reversal
of the fibrosis observed in Chagas disease.

In summary, we demonstrated that SB-431542, a kinase in-
hibitor of TBRI (ALKY), strongly inhibits 7. cruzi infectivity in
cardiomyocytes and, most importantly, is able to arrest parasite
multiplication and release. Considering the crucial role of
TGF-B in T. cruzi infection and differentiation, as well as in the
fibrosis that accompanies Chagas disease, as well as the current
lack of effective therapeutic approaches during the chronic
phase, it would be relevant to test orally active inhibitors of
TGF-B signaling that present good pharmacokinetic and phar-
macodynamic properties for the control of T. cruzi infection in
preclinical animal models.
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